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ARTICLE INFO ABSTRACT

Keywords: Changji’an Formula (CJAF) is a Chinese herbal compound, which is effective against irritable
Irritabkf bowel syndrome bowel syndrome with predominant diarrhea (IBS-D) in clinic. However, the molecular mechanism
Changji’an formula has not been well defined. In the current study, the potential targets and signaling pathways of

Network pharmacology
NF-kB/NLRP3 signaling pathway
Intestinal epithelial barrier

CJAF against IBS-D were predicted using network pharmacology analysis. The pharmacological
mechanisms of CJAF against IBS-D and the potential mechanism were validated by using an IBS-D
mouse model induced by enema with trinitrobenzene-sulfonic acid (TNBS) plus with restraint
stress and further intervened with CJAF. A total of 232 active compounds of CJAF were obtained,
a total of 397 potential targets for the active ingredients were retrieved and a total of 219
common targets were obtained as the potential targets of CJAF against IBS-D. GO and KEGG
enrichment analyses showed that multiple targets were enriched and could be experimentally
validated in a mouse model of IBS-D. The mechanisms were mainly converged on the immune and
inflammatory pathways, especially the NF-kB, TNF and IL-17 signaling pathway, which were
closely involved in the treatment of CJAF against IBS-D. Animal experiment showed that CJAF
alleviated visceral hypersensitivity and diarrhea symptom of IBS-D. CJAF also restored the his-
tological and ultrastructure damage of IBS-D. The result of Western blot showed that CJAF
upregulated colonic tight junction proteins of ZO-1, Occludin and Claudin-1. Further results
demonstrated that CJAF inhibited the protein expression of NF-kB/NLRP3 inflammasome
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pathway targets and downregulated proinflammatory mediators of IL-1f, IL-18, TNF-a. In
conclusion, CJAF could effectively reduce inflammatory response and alleviate visceral hyper-
sensitivity as well as diarrhea symptom of IBS-D by inhibiting the NF-kB/NLRP3 signaling
pathway. This study not only reveals the mechanism of CJAF against IBS-D, but also provides a
novel therapeutic strategy for IBS-D.

1. Introduction

Irritable bowel syndrome (IBS) is a common gastroenterological disorder in clinic, with a global prevalence of 7%-21 % [1].
According to the Rome IV criteria, IBS can be classified into 4 main subtypes, of which, IBS with predominant diarrhea (IBS-D) maybe
the most troublesome subtype, which could result in a worse disease-specific quality of life [2,3]. Moreover, the pathogenetic
mechanism of IBS-D is complex and not fully understood and the therapeutic strategies are not satisfactory [4]. Therefore, new
therapeutic strategies are desperately needed for a better care and handling of IBS-D.

Recently, the interest in traditional Chinese medicine (TCM) has increased all over the world, owing to its distinctive properties.
The strong points of TCM attributes to its effect on multiple molecular targets and signaling pathways associated with the same disease
as opposed to a single molecule, whilst causing few side effects. According to the theory of TCM, IBS-D can be classified into the
categories of “abdominal pain”, “spleen deficiency” and “diarrhea” and clinically, the syndrome of liver depression and spleen defi-
ciency is the most common type [5]. Changji’an Formula (CJAF) is the combination and transformation of two famous classical
prescription: Sijunzi decoction and Tong-Xie-Yao-Fang, which functions as soothing the liver and strengthening the spleen, relieving
pain and preventing diarrhea, and have been widely used to treat IBS-like symptom diseases or IBS-D in clinic [6-10]. Moreover, Our
previous studies demonstrated that CJAF could attenuate typical symptoms of IBS-D by regulating immune function and improving
intestinal permeability of IBS-D rats [11,12]. However, the mechanism of CJAF against IBS-D still needs to be clarified.

Network pharmacology research is built on the foundation of integrating network biology and polypharmacology [13], which
focuses on multiple nodes in a targeted biological network system instead of a single molecule, resulting in better therapeutic effects
and few side effects [13,14]. This is in keeping with the holistic theory of TCM, which implements therapy according to syndrome
differentiation from a systemic perspective. Network pharmacology have been increasingly employed in the investigation of TCM to
predict the main pharmacological component, potential target groups and their mechanisms of action [15]. Therefore, the aim of this
study is to explore the mechanism of CJAF against IBS-D by network pharmacology and further to validate it by IBS-D mouse model.

2. Materials and methods
2.1. Screening for active ingredients of CJAF

CJAF consists of thirteen medicinal herbs, including Baizhu (BZ), Baishao (BS), Huangqi (HQ), Fuling (FL), Zhiqiao (ZQ), Shiliupi
(SLP), Yanhusuo (YHS), Huanglian (HL), Wumei (WM), Fangfeng (FF), Chenpi (CP), Gancao (GC) and Chaihu (CH) (Supplementary
Table 1). The active ingredients of the herbs in CJAF were obtained from TCMSP database (https://tcmspw.com/tcmspsearch.php)
and selected using the in silico integrative ADME model. Those ingredients were selected only if oral bioavailability (OB) > 30 and
drug likeness (DL) > 0.18 [16-18].

2.2. Screening of potential targets for active ingredients and IBS-D

TCMSP (http://tcmspw.com/) [18] and PharmMapper (http://www.lilab-ecust.cn/pharmmapper/) [19] databases with the
“Homo sapiens” setting, were used to screen the potential targets of those active components in CJAF. Then, duplicates were removed.
Potential targets associated with IBS-D were excavated from the GeneCards (http://www.genecards.org), Therapeutic Target Database
(TTD, http://systemsdock.unit.osit.jp/iddp/home/inde), DrugBank (http://www.drugbank.ca/) and DisGeNET (http://www.
disgenet.org/) databases [16,17]. Finally, all the predicted targets for compounds and diseases were transformed into correspond-
ing gene symbols using UniProt database (https://www.uniprot.org/) [20].

2.3. Network construction

To get a comprehensive understanding of the molecular mechanisms of CJAF in the treatment of IBS-D, we constructed a network.
The common targets of the active ingredients and IBS-D were obtained using Venn diagram (http://bioinformatics.psb.ugent.be/
webtools/Venn/). Then, the protein-protein interaction (PPI) network of the common targets was established by using STRING
database (https://string-db.org/) and further visualized by using Cytoscape software [16-18]. Finally, crucial targets of the active
components in CJAF against IBS-D were obtained based on the degree values in the Cytoscape settings.

2.4. Enrichment analysis

The Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were
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conducted by using Omicshare Online tools (https://www.omicshare.com/tools) [20]. GO (https://geneontology.org/) is a commonly
adopted ontology in bioinformatics scope [17]. The threshold was set as P adjust value < 0.05 and the top 25 of GO terms enrichment
were present. KEGG (https://www.kegg.jp/) is a practical database to interpret the biological function of candidate targets [17]. P
adjust value < 0.05 was regarded as the threshold and the top 25 enriched KEGG pathways were displayed.

2.5. Drugs and reagents

CJAF consists of 13 Chinese herbal medicines. These herbal medicines were obtained from Chinese herbal medicine factory of
Guangdong Pharmaceutical Company (Guangzhou, China). Other detailed information about the medicinal materials was described in
our previous study [21], with the English version of which was supplemented in Supplementary Table 1. Rifaximin (Alanno, Italy; lot
no. 22953) was selected as a positive drug, which is an FDA-approved, nonabsorbable, oral antibiotic for IBS-D [22]. Rifaximin was
also shown to be effective against IBS-D rat model by restoring intestinal microecology and preventing intestinal inflammation as well
as visceral hypersensitivity induced by stress [23]. Trinitro-benzene-sulfonic acid (TNBS) were purchased from Sigma-Aldrich (Lot NO.
SLCD2161, St. Louis, MO, USA). Stripping buffer were supplied by CW-BIO (Jiangsu province, China. Lot No. 01427/12322).

2.6. Preparation of CJAF extract

CJAF was extracted by boiling the herb medicinal materials in appropriate amount of water for 30 min and repeated once. The
water extract solution was merged together, centrifuged at 3000 g for 10min, and further filtered by filter paper to remove the im-
purities. Then the water extract solution was condensed using a rotatory evaporator at 60 °C until water extract solution became thick
paste. Then the thick paste was frozen at —80 °C before transferred into a vacuum freeze drier (Biosafer-18D, Nanjing Saifei
Biotechnology Co., LTD, Nanjing, China) for 48-72 h. The freeze-dried powder of CJAF were converted as crude drug (gram) per gram
of freeze-dried powder. Analysis of the main chemical compounds from freeze-dried powder of CJAF were described in our previous
studies [21,24].

2.7. Animals and experimental design

This research was approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine (certificate no.
20220510014). Animals were handled in accordance with the regulations of Guangzhou University of Chinese Medicine and the
ARRIVE guidelines. All mice were free access to feed and water with a 12 h light-dark cycle (25 + 1 °C). Eight-week-old male mice
weighing 20-25 g was used in this study.

IBS-D was induced by a single dosage of rectal administration of 100 pL 50 mg/kg TNBS (dissolved in 50 % ethanol) combined with
restraint stress 2 h per day for 7 consecutive days, as described in detail previously [25]. Mice in normal control group received
distilled water instead of TNBS in enema and did not receive restraint stress. After IBS-D model establishment, mice were left for
recovering for 7 days and then they were randomly divided into normal control group(NC, n = 7), model control group (MC, n = 7),
rifaximin group(100 mg/kg, n = 7), high dosage of Changji’an Formula group (CJAF-H, 12.91 g(freeze-dried powder)/kg(body
weight), n = 7), moderate dosage of Changji’an Formula group (CJAF-M, 6.45 g/kg(freeze-dried powder), clinical equivalent dose for
humans, n = 7), low dosage of Changji’an Formula group (CJAF-L, 3.23 g/kg(freeze-dried powder), n = 7). NC and MC groups received
distilled water. Rifaximin and freeze-dried powder of CJAF were all dissolved in pure water, respectively and administered through
gavage for 7 days once per day. The dosage of rifaximin (100 mg/kg) was according to a previous study [26]. The dosage of CJAF was
converted from clinical equivalent dose for humans and further converted by the yield rate of freeze-dried powder.

After administration, mice were anesthetized by pentobarbital sodium (50 mg/kg) via i.p. before the collection of blood and colonic
tissue samples. Serum was obtained by centrifuging the blood sample at 1000 g at 4 °C for 15 min. Serum and colon tissue samples were
stored at —80 °C until further use.

2.8. Assessment of IBS-D symptoms

2.8.1. Diarrhea score, fecal water content

These experiments were carried out at the end of administration. The severity of diarrhea was scored as previously reported [27]. In
brief, mice were housed in a metabolic cage for 1 h with water accessible freely. The fecal pellets expelled during this 1 h period of time
was collected and counted. The diarrhea score was evaluated: 1 = normal and dry pellet; 2 = normal and wetter pellet; 3 = wet and
less-shaped pellet; 4 = complete diarrhea. And then fecal pellets were dried until reached constant weight. The reduced weight is
water.

2.8.2. Water avoidance stress (WAS) stimulated fecal pellet output

The procedure was conducted after drug administration and was described elsewhere [28], with minor adjustments. In brief, mice
were placed in a platform (L x W x H=6 cm x 6 cm x 15 c¢m) for 1 h in a cuboid container (L x W x H= 26 cm x 26 cm x 35 cm) at
room temperature. The cuboid container was filled with water to the height of 1 cm below the platform. After 1 h of WAS, the number
of fecal pellets output by each mouse were counted and the total number were averaged for each group.
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2.8.3. Visceral sensitivity

The visceral sensitivity of mice was evaluated by abdominal withdrawal reflex (AWR) under graded pressure of colorectal
distension (CRD). To produce visceral pain, different volumes of water was filled into a 6F catheter, which was inserted into the colon
2-3 cm from anus [29]. Semi-quantitative AWR score (0-4) was used to evaluate AWR score at different grades (distension volume was
0.15, 0.30, 0.45, 0.60 mL) of CRD. The higher the score, the more sensitive is the viscera. To ensure accuracy, all pressure was repeated
three times and averaged and the AWR scores were evaluated by two independent operators blinded to animal group.

2.9. Histopathological examination

Colon tissues of each mouse were fixed in 4 % paraformaldehyde and further embedded in paraffin (Servicebio, Wuhan, China)
after sample collection. Then they were cut into 5 pm sections with a microtome (Leica, Wetzlar, Germany). And then the sections were
treated with xylene I, xylene II and with mixture of ethanol and xylene (1:1), then they were dewaxed and dehydrated. The sections
were then supplemented with hematoxylin and eosin to demonstrate epithelial structure and infiltration of inflammatory cells. Two
pathologists blinded to the animal grouping analyzed the slices and the morphological structure of mice colon tissues was scored as
previously described [30].

2.10. Transmission electron microscopy (TEM)

Colon tissues of mice were processed for TEM as previously reported with minor adjustment [31]. In brief, fresh colon tissue were
cut into small pieces (<1 mm x 1 mm x 1 mm), and fixed in 2.5 % buffered glutaraldehyde for 2-4 h at 4 °C. Then washed with
phosphate buffer (PB, PH 7.4) for three times, 15 min each. And the tissues were further fixed in mixed solution of 1 % osmic acid and
0.1 mol/L PB (PH 7.4) for 2 h at 25 °C, followed by being washed with 0.1 mol/L PB (PH 7.4) for 3 times, 15 min each. Then colon
tissues were dehydrated in 50 %70 %-80 %-90 %-95 %-100 %-100 % ethyl alcohol-100 % acetone-100 % acetone, each step lasted for
15 min. Then penetrated in acetone-Epon812 (1:1) for 2-4 h and further penetrated in acetone-Epon812 (2:1) overnight and embedded
in Epon812 for 5-8 h. Then filled the embedded plate with Epon812 and inserted samples into the embedded plate in an oven at 37 °C
overnight. After polymerization in 60 °C for 48 h, ultrathin slices were cut (60-80 nm). Then stain the slices with 2 % uranium acetate
saturated alcohol solution and with lead citrate, 15 min for each step. The sections were observed using an HT7800/HT7700 TEM
(Hitachi, Tokyo, Japan).

2.11. ELISA

The serum was thawed at 4 °C and diluted in the ration of 1:10-1:20 before test. Diamine oxidase (DAO), D-lactate (D-LA), IL-1p, IL-
18, TNF-a, and myeloperoxidase (MPO) of serum were quantified by using commercially accessible ELISA kits by following the
manufactures’ instructions. Optical density was determined at 450 nm wavelength by using a microplate reader.

2.12. Western blotting

Mice colonic proteins were extracted using RIPA lysis buffer (Beyotime, China, PO013B) added with 1 % phenylmethanesulfonyl
fluoride (PMSF, Beyotime, China, ST505), 1 % phosphatase inhibitors A (Beyotime, China, P1081) and 1 % phosphatase inhibitors B
(Beyotime, China, P1086). After proyein loading, protein blots were transferred onto 0.45 pm bore diameter polyvinylidene difluoride
(PVDF) membranes at 250 mA for 60 min. After blocking with 5 % albumin bovine V (Solarbio, China, Cat#A8020) at 25 °C for 1 h, the
membranes were incubated at 4 °C with primary antibodies overnight against IkBa (1:1000, ab32518, Abcam, Cambridge, MA, USA),
p-IkBa(Ser32) (1:1000, #2859, Cell Signaling Technology, Danvers, MA,USA), NF-kB(p65) (1:1000, ab32536, Abcam, Cambridge,
MA, USA), phospho-NF-kB p65 (Ser536) (1:1000, #3033, Cell Signaling Technology, Danvers, MA,USA), NLRP3 (1:1000, #15101,
Cell Signaling Technology, Danvers, MA,USA), ASC (1:1000, #67824, Cell Signaling Technology, Danvers, MA,USA), pro-caspase-1/
caspase-1(1:1000, 22915-1-AP, Proteintech, Wuhan, China), IL-1$(1:1000, Proteintech, 26048-1-AP, Wuhan, China), IL-18 (1:500,
#DF6252, Affinity Biosciences, Cincinnati, OH, USA), TNF-a (1:500, #AF7014, Affinity Biosciences, China), Claudin-1 (1:1000,
13050-1-AP, Proteintech, Wuhan, China), Occludin (1:2000, 27260-1-AP, Proteintech, Wuhan, China), ZO-1 (1:1000, 21773-1-AP,
Proteintech, Wuhan, China) and GAPDH (1:1000, ab181602, Abcam, Cambridge, MA, USA). Then the membranes were washed
with 1 x TBST for 3 times, 5 min for each time and incubated with goat against rabbit IgG H&L (HRP) (ab205718, abcam, Cambridge,
MA, USA) for 1 h at 25 °C. The protein blots were visualized and quantified in standard routine operation. GAPDH is used as an internal
reference and all the results were normalized to NC group. Protein bands were indicated by PageRuler Prestained Protein Ladder
(Thermo Scientific, #26616) and Precision Plus Protein™ Dual Color Standards (biorad, #1610374).

2.13. Statistical analysis

The statistical analyses were conducted using the IBM SPSS software v25.0 (IBM Corp., Armonk, NY, USA). Shapiro-Wilk normality
test was used to test the normality of the data. Parametric tests were performed to analyze the normal distributed data. Data were
expressed as the mean + SD and were analyzed by one-way ANOVA followed by LSD t-test for homogeneous variance or Dunnett’s T3
for inhomogeneous variance. The differences were considered to be significant when P < 0.05.
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3. Results
3.1. Screening for the active ingredients of CJAF

A total of 232 active ingredients were gained in terms of good ADME properties, including 7 active chemical compounds of BZ, 13
active chemical compounds of BS, 20 active chemical compounds of HQ, 15 active chemical compounds of FL, 5 active chemical
compounds of ZQ, 7 active chemical compounds of SLP, 49 active chemical compounds of YHS, 14 active chemical compounds of HL, 8
active chemical compounds of WM, 18 active chemical compounds of FF, 5 active chemical compounds of CP, 92 active chemical
compounds of GC, and 17 active ingredients of CH (Fig. 1).

3.2. Potential targets for active ingredients and IBS-D

397 potential targets for the active ingredients were retrieved by screening the databases of PharmMapper and TCMSP (Fig. 2A).
1299 potential targets for IBS-D were obtained by screening the GeneCards, TTD, DrugBank and DisGeNET databases (Fig. 2A). All
these potential targets were identified using the UniProt database. A total of 219 common targets were obtained as the potential targets
of CJAF against IBS-D through Venn diagram (Fig. 2A).

3.3. Network construction

The PPI network of the 219 common targets were established using the String database and further visualized with the Cytoscape
software platform (Fig. 2B). Then, the topological property of the PPI network was analyzed using the Cytoscape software. A total of
219 nodes and 5576 edges with DC value of 43 were observed in the PPI network (Fig. 2C). Afterwards, hub nodes were identified
according to DC values. A total of 111 and 56 hub nodes were identified with DC > 43 and 76, respectively. Finally, these 56 crucial
targets were identified as the candidate targets of CJAF for the treatment of IBS-D, which included TNF, IL6, ALB, AKT1, TP53, JUN,
IL1B, VEGFA, STST3, CASP3, EGFR, MMP9, SRC, MAPK3, MYC, CXCL8, PTGS2, CCL2 and ESR1, etc (Fig. 2D).

3.4. GO and KEGG

The potential 219 common targets were further used for GO analysis and KEGG pathway enrichment analysis to reveal the potential
mechanism of CJAF for IBS-D. GO annotation revealed that the common targets were abundantly enriched in biological processes (BP),
cell component (CC) and molecular function (MF) (Fig. 3A). The top 25 terms of BP, CC, and MF are depicted in Fig. 3B-D.

According to cell component (CC) analysis, the targets were majorly associated with membrane raft (GO: 0045121), membrane
microdomain (GO: 0098857), membrane region (GO: 0098589), plasma membrane part (GO: 0044459), extracellular space (GO:
0005615), etc (Fig. 3C). Based on the molecular function (MF) analysis, the targets were mainly associated with receptor binding
(G0:0005102), identical protein binding (GO: 0042802), enzyme binding (GO: 0019899), signal transducer activity (GO: 0004871),
cytokine receptor binding (GO: 0005126), protein kinase activity (GO: 0004672), etc (Fig. 3D).
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Fig. 1. The medicinal herbs and active ingredients of CJAF. CJAF consists of thirteen medicinal herbs. A total of 232 active ingredients were
obtained. 232 active ingredients were accached in supplementary material 1.
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Fig. 2. Potential targets of CJAF against IBS-D. (A) Venn diagram summarizing the 219 common targets for CJAF against IBS-D. (B) The PPI
network of the 219 common targets. (C) The process of topological screening for the PPI network of the 219 common targets. A total of 111 and 56
hub nodes were identified when the thresholds were set at DC > 43 and 76, respectively. (D) These 56 crucial targets were further analyzed and
identified as the candidate targets of CJAF for the treatment of IBS-D. 219 common targets were attached in supplementary material 2.

Additionally, KEGG enrichment analysis demonstrated that the common targets were abundantly enriched in pathways related to
metabolism, genetic information processing, environmental information processing, etc. (Fig. 4A). The top 25 KEGG pathway en-
richments were showed in Fig. 4B, which include NF-kB signaling pathway, AGE-RAGE signaling pathway in diabetic complications,
TNF signaling pathway, pathways in caner, hepatitis B, IL-17 signaling pathway, fluid shear stress and atherosclerosis, osteoclast
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Fig. 4. KEGG enrichment analysis of the common targets of CJAF for the treatment of IBS-D. (A) Genes involved in the KEGG annotation. (B) KEGG
enrichment of the 219 targets. Only terms with P < 0.05 were selected for analysis. The top 25 enriched KEGG pathways are displayed. (C) The top
25 enriched KEGG pathways.

differentiation, Chagas disease and human T-cell leukemia virus 1 infection, etc. The rich factors of the enriched signaling pathways
were displayed in Fig. 4C. And 45, 36 and 33 targets were involved in the NF-xB, TNF and IL-17 signaling pathway, respectively
(Fig. 4C).

Schematic drawing to illustrate the NF-xB, TNF and IL-17 signaling pathway involving CJAF against IBS-D was displayed in Fig. 5
A-C. These findings demonstrated that the immune and inflammatory pathways were the predominant molecular mechanisms.
Abundant studies have showed that these three signaling pathways are crucial intracellular signal transduction pathways that closely
regulate various inflammation-associated diseases. Hence, the potential inflammatory mechanisms related to the NF-kB signaling
pathway were further investigated by animal experiment.

3.5. CJAF alleviated main symptoms of IBS-D

To validate the predicted molecular mechanisms from network pharmacology analysis that CJAF could effectively treat IBS-D by
inhibiting inflammatory response via the NF-kB signaling pathway, a murine IBS-D model was established and was intragastric
administrated with CJAF for 7days. And then macroscopic pathological index of mice, including abdominal pain, and diarrhea score
was measured. The micropathological index, including histological examination, ultrastructure of colon tissue was also observed.
Moreover, serum levels of proinflammatory cytokines and protein expression of NF-kB/NLRP3 pathway targets were evaluated.

The results showed that the diarrhea score and fecal water content increased significantly in IBS-D group as compared to that of NC
group mice (P < 0.01, Fig. 6A-B). After the treatment of rifaximin and CJAF, the diarrhea score was decreased (Priaximin < 0.01, Pcjar-
H, csar-m < 0.05) and fecal water content was reduced (Prifaximin, cJar-H,cJar-M < 0.01, Pcjar.1, < 0.05). To characterize the effect of CJAF
on the defecation pattern of IBS-D model mice, fecal pellet output under 1 h of WAS was recorded (Fig. 6C). Compared with NC, fecal
pellet output increased significantly in MC (P < 0.01). After rifaximin, high and moderate dosage of CJAF treatment, fecal pellet output
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Fig. 5. Principal signaling pathway involved in the treatment of IBS-D by CJAF. Schematic drawing to illustrate (A) the NF-kB, (B) the TNF and (C)
the IL-17 signaling pathway involving CJAF for the treatment of IBS-D. The key targets involved in this process are colored in red.

decreased significantly (Prifaximin, cjar-t < 0.01, Pcyap-m < 0.05). However, CJAF-L did not show alleviation effect on the defecation
frequency of IBS-D.

Visceral hypersensitivity is recognized as a principal role in the pathogenesis of IBS-D, characterized by decreased pain thresholds
[32,33]. Therefore, we tested the effect of CJAF on the visceral sensitivity of IBS-D by evaluating the AWR score under CRD. As shown
in Fig. 6D, MC group mice showed significant higher AWR scores than NC mice at 0.15, 0.30, 0.45, 0.60 mL distension volumes of
pressure. Rifaximin, CJAF-H and CJAF-M treatment significantly alleviated pain response of mice at 0.30, and 0.45 mL distension
volumes of pressure, compared with that of MC group (Prifaximin, cjar-mM < 0.05, Pcyar-u < 0.01). However, CJAF-L failed to ameliorate
visceral hypersensitivity at all distension volumes of pressure compared to that of MC group.

3.6. CJAF ameliorated mice colonic histological damage from IBS-D

The histological structure of mice colon tissue was demonstrated in Fig. 7A. NC group showed undamaged intestinal mucosal layer,
ample goblet cells and intestinal glands, normal morphology of the muscle layer and no infiltration of inflammatory cells. In contrast,
colonic tissue of IBS-D mice showed broken tissue structure (shown by the blue arrow), damaged mucosal glands and edema (shown by
the black arrow), and infiltration of inflammatory cells (shown by the yellow arrow), resulting in a high score of histological damage
(P < 0.01, Fig. 7B). After treatment of rifaximin and CJAF, the damaged tissue structure was restored, the distribution density of
mucosal glands increased, the edema was alleviated and the inflammatory cell infiltration was inhibited in different degrees.
Therefore, CJAF promoted histological recovery from IBS-D.
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Fig. 6. CJAF alleviated the main symptoms of IBS-D. (A) diarrhea score, (B) fecal water content, (C) fecal pellet output, (D) AWR score under CRD.
Results are presented as mean + SD, n = 7. (*#P < 0.01 vs. NC; **P < 0.01, *P < 0.05 vs. MC).
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Fig. 7. CJAF promoted histological recovery in IBS-D. (A) Changes in colonic tissue structure after treatment of CJAF: blue arrows indicate defect of
tissue structure, black arrows indicate abnormality of mucosal glands and edema, and yellow arrows indicate infiltration of inflammatory cell (scale
bars 200 pm). (B) Histological score of mice colonic tissue. Results are presented as mean + SD, n = 7. (*#P < 0.01 vs. NC; *P < 0.05 vs. MC).

3.7. CJAF reconstructed damaged ultrastructure in IBS-D

To further investigate the effect of CJAF on the damaged colonic tissue of IBS-D mice, we utilized transmission electron microscope
to observe the changes in ultrastructure of mice colonic tissue. As can be seen in NC group mice (Fig. 8A-F), the microvilli were
arranged closely and neatly, the length was consistent, and the tight junction was complete and with dense staining. By contrast, for the
MC group mice, the microvilli were sparsely distributed, and of different lengths, some even collapsed into small spots (as shown by
yellow arrows). The tight junctions were lightly and unevenly stained (as shown by blue arrows). However, rifaximin and different
dosages of CJAF treatment restored the ultrastructure damage to varying degrees.
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Fig. 8. CJAF restored ultrastructural damage of IBS-D mice. Representative electron micrographs of mice colonic tissues of (A) NC, (B) MC, (C)
Rifaximin, (D) CJAF-H, (E) CJAF-M, and (F) CJAF-L. Yellow arrows indicate scattered and sparsely arranged microvilli, and blue arrows indicate
light-staining and fractured junctional complex (scale bars 2 pm). All results are representative of at least three independent experiments.
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Fig. 9. CJAF restored intestinal barrier function in IBS-D mice. Representative Western blot images (A) and relative protein expression of ZO-1 (B),
Occludin (C) and Claudin-1 (D) in mice colonic tissue. The full, non-adjusted images of Western blot was attached in supplementary material 3. Mice
serum content of representative markers of intestinal epithelial integrity of DAO (E) and D-LA (F). Data are shown as mean =+ the S.D. (B), (C), (D), n
=3; (E), (F), n = 7. #*P < 0.01 vs. NC; **P < 0.01, *P < 0.05 vs. MC).
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3.8. CJAF restored intestinal barrier function in IBS-D

Once activated, NLRP3 inflammasomes could promote pro-IL-1p and pro-IL-18 into matured IL-1p and IL-18 [34], which are potent
pro-inflammatory cytokines. These pro-inflammatory cytokines could result in destruction of intestinal tight junction proteins and
further lead to impaired intestinal barrier function [35]. Therefore, we investigated the expression of ZO-1, Occludin and Claudin-1 in
mice colonic tissue. As depicted in Fig. 9A-D, IBS-D model construction decreased the expression of ZO-1, Occluding and Claudin-1(P
< 0.01) compared with that of NC group (Fig. 9A-D). However, after CJAF treatment, ZO-1, Occluding and Claudin-1 expression were
remarkably increased as compared with the MC group (P < 0.05 or P < 0.01) (Fig. 9A-D). We further detected representative markers
of intestinal epithelial integrity of DAO and D-LA in mice serum by ELISA. Compared with that of NC group, serum level of DAO and
D-LA were upregulated in IBS-D model group (P < 0.01). Rifaximin, CJAF-H and CJAF-M treatment significantly downregulated DAO,
D-LA levels (Prifaximin, csar-u < 0.01, Pcjapm < 0.05, Fig. 9E-F), suggesting restoration of the integrity of intestinal epithelial barrier.

3.9. CJAF inhibited protein expression of NF-kB/NLRP3 pathway targets

The abnormal activation of the intestinal immune reaction plays a key role in the pathogenesis of IBS-D, associated with increased
intestinal permeability [36]. The NLRP3 inflammasome plays a crucial part in innate immunity response by activating ASC and
caspase-1 [34]. Previous studies showed that excessive activation of NLRP3 inflammasome pathway plays an important part in IBS-D
pathophysiology associated with inflammatory response [37]. What’s more, NF-xB is a key factor for the activation of NLRP3
inflammasome in the priming stage [38] and its binding to IkBa restraints the NF-kB: IkBa complex from transporting into the nucleus,
thus keeping NF-kB in a quiescent condition [39]. Therefore, in the current study, we mainly focused on the role of NF-xB/NLRP3
pathway targets. The results obtained by Western blot showed that IBS-D model mice exhibited an increased protein expression of
p-IkBa/IkBa, p-p65/p65, and NLRP3, ASC, pro-caspase-1, caspase-1 compared with that of NC group (Fig. 10A-H, P < 0.05 or P <
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Fig. 10. CJAF inhibited protein expression of NF-kB/NLRP3 inflammasome pathway targets in IBS-D mice. Representative Western blot images of
NF-xB/NLRP3 inflammasome pathway targets(A) (D). Relative protein expression of p-IkBa/IkBa(B), p-p65/p65(C), and NLRP3(E), ASC(F), pro-
caspase-1(G), caspase-1(H). Data are shown as mean + the S.D. n = 3. ##p < 0.01, P < 0.05 vs. NC; **P < 0.01, *P < 0.05 vs. MC. The full,
non-adjusted images of Western blot was attached in supplementary material 4.
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0.01). Orally administration of rifaximin and high, moderate, low dosage of CJAF demonstrated dosage-dependently inhibitory effect
on the protein expression of NLRP3 inflammasome pathway (Fig. 10A-H).

3.10. CJAF downregulated the proinflammatory cytokines in IBS-D

The activation of NLRP3 inflammasome lead to the release of proinflammatory cytokines, such as IL-1p and IL-18, which are
associated with inflammatory response in the damage of intestinal mucous in IBS-D [40]. Therefore, we detected the protein
expression of IL-1p, IL-18 and TNF-a in mice colonic tissue and further determined mice serum levels of IL-1p, IL-18, TNF-a and MPO by
enzyme-linked immunosorbent assay. As depicted in Fig. 11A-D, IBS-D model induction significantly stimulated the protein expression
of IL-1f, IL-18 and TNF-a in mice colonic tissue. However, after the intervention of CJAF, the protein expression of these proin-
flammatory cytokines were dose-dependently downregulated compared with that of MC group (P < 0.05 or P < 0.01). Additionally,
the results for serum level of proinflammatory cytokines of TNF-a, IL-1p, IL-18, and MPO by ELISA were in accordance with that
obtained in Western blot. As shown in Fig. 11E-H, after CJAF treatment, these proinflammatory cytokines were significantly down-
regulated (P < 0.05 or P < 0.01).

4. Discussion

In the current study, we employed a method of network pharmacology and found that the NF-xB signaling pathway, TNF signaling
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Fig. 11. CJAF downregulated the expression of proinflammatory cytokines in IBS-D mice. Representative Western blot images (A) and relative
protein expression of IL-1p (B), IL-18 (C), TNF-a (D) in mice colonic tissue. The full, non-adjusted images of Western blot was attached in sup-
plementary material 5. Mice serum content of proinflammatory mediators of IL-1B(E), IL-18(F), TNF-a(G) and MPO(H). Results are presented as
mean = the S.D. (B), (C), (D), n = 3; (E), (F), (), (H), n = 7. **P < 0.01, #P < 0.05 vs. NC; **P < 0.01, *P < 0.05 vs. MC.
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pathway and IL-17 signaling pathway were intimately involved in the treatment of IBS-D for CJAF. These findings indicated that the
therapeutic mechanisms of CJAF to treat IBS-D principally lies in the immune and inflammatory pathways. Further pharmacological
tests on IBS-D mouse model confirmed that NF-kB/NLRP3 inflammasome pathway was extensively participated in the therapeutic
mechanism of IBS-D by CJAF.

The 232 active ingredients optimized based on good ADME properties offered important information for further exploration on
CJAF. Some of the active ingredients was reported to exert therapeutic effects against IBS-D. For example, atractylenolide I is the main
active component and quality control component of Atractylodes macrocephala Koidz. in Chinese pharmacopoeia published in 2020.
Atractylenolide I was shown to promote the restoration of intestinal epithelial through polyamine-mediated Ca®* signaling pathway
[41], which may be involved in therapeutic effect against IBS-D, for impaired intestinal epithelial barrier were proved to be an
important pathological factor of IBS-D [42]. Paeoniflorin is the main bioactive ingredient of Paeonia lactiflora Pall., which demon-
strated analgesic effect on rat visceral hypersensitivity induced by neonatal maternal separation [43] and demonstrated
anti-inflammatory effect by inhibiting NF-xB signaling pathway and eosinophil infiltration [44]. Astragaloside IV from Astragalus
membranaceus (Fisch.) Ege. var. mongholicus (Ege.) Hsiao was proved to possess a therapeutic effect on colonic mucosal injury and
accelerate epithelial cell proliferation to restore the mucosal barrier relevant proteins, possibly by attenuating the impaired ATP
synthase [45]. Tetrahydropalmatine is an analgesic bioactive substance in Corydalis yanhusuo W. T. Wang, which exerted analgesic
effects against inflammatory pain in rats by stimulating glial apoptosis as well as suppressing glial cells activation [46]. Berberine is an
active constituent from Coptis chinensis Franch., which is widely used to treat diarrhea in China for thousands of years. Researchers
showed that berberine could alleviate visceral hypersensitivity in IBS-D model rats by restoring intestinal microecology and inhibiting
the activation of spinal microglial [47]. Berberine was also shown to suppress intestinal inflammation and visceral hyperalgesia
induced by stress, and reduce intestinal motility in IBS model rats [48]. Glycyrrhizin is the major bioactive chemical component from
Glycyrrhiza uralensis Fisch., which could ameliorate experimental colitis by inhibiting T cell responses and resultant decreased pro-
duction of IL-17 [49]. What’s unique for glycyrrhizin is that administration by rectal route obtained comparable protective effect
against TNBS-induced colitis in rats, thus rectal administration may be a promising complementary treatment method [50,51].
Although differential diagnosis is required between colitis and IBS-D clinically, a majority of IBS-D mouse model was post-colitis, or
more precisely, post-inflammation model, induced by chemical stimulus, such as TNBS or acetic acid [52]. Therefore, the
above-mentioned pharmacological effect of ingredients from CJAF against intestinal inflammatory response could be extended to the
mechanism of CJAF against IBS-D. Altogether, various components of CJAF may exert synergistic effect against IBS-D from aspects of
inhibiting inflammatory response or analgesic effect against visceral pain.

Additionally, 56 crucial targets were identified as the candidate targets of CJAF for the treatment of IBS-D after PPI network
analysis when the thresholds were set at DC > 76. These kernel targets included TNF, IL6, ALB, AKT1, TP53, JUN, IL1B, VEGFA, STST3,
CASP3, EGFR, MMP9, SRC, MAPK3, MYC, CXCL8, PTGS2, CCL2 and ESR1, etc. Our current work revealed that these genes were not
only closely related to inflammatory response and immunity homeostasis in intestine, but also were intimately involved in intestinal
motility, visceral nociception and in regulating gut-brain axis. For example, serum content of TNF-a were higher in IBS subtypes as
compared with healthy controls and in women with IBS [53]. VEGF is one of the key targets in gastrointestinal mucosal remodeling and
mucosal defense. VEGFA was proved to be closely related to chronic inflammation [54]. Previous study showed that ancient wheat
products may relieve IBS symptoms by downregulating the expression of VEGFA [55]. IL-6 is a proinflammatory cytokine, which was
shown to be significantly upregulated in patients with IBS-D as compared with that of healthy people [56]. Previous studies also
showed gastrointestinal movement could be affected directly by IL-6 [57]. JUN, also known as c-Jun, is the most potent transcriptional
activator of the AP-1 family [58]. Brain-derived neurotrophic factor (BDNF), a key role in gut-brain axis [59], was upregulated in the
colonic mucosa of patients with IBS, and was regulated by IL-1f through a phosphorylated-c-Jun N-terminal kinase pathway [60].

According to network pharmacology analysis, the potential targets for CJAF against IBS-D were mainly associated with NF-xB, TNF
and IL-17 signaling pathway. These signaling pathway were in strong link with inflammatory response and immune regulation. Our
previous studies demonstrated that CJAF could attenuate symptoms of IBS-D in a rat model by regulating immune function and by
improving intestinal permeability of IBS-D rats [11,12]. Combined with the results of network pharmacology analysis, we explored the
effect of CJAF on NF-kB/NLRP3 signaling pathway in an IBS-D mice model.

NF-kB plays an important role in response to environmental changes and involved in many biological processes in organisms [39].
NF-xB connecting to IkB keeps the NF-kB: IkB complex from shifting to the nucleus, by which way retaining NF-kB in an inactive state.
Once stimulated, IkB proteins will be phosphorylated and degraded, releasing NF-kB dimers. The freed NF-kB dimers could transfer
into the nucleus and bind to specific sequences to promote or enhance the expression of target genes. What’s more, NF-«B is a principal
factor for the activation of NLRP3 inflammasome in the priming stage [38]. A previous study demonstrated that abnormal activation of
NLRP3 inflammasome pathway could interrupt the enteric immune balance, the latter is closely related to IBS-D [37].

The results from the IBS-D mouse model experiments revealed that CJAF effectively relieved abdominal pain and diarrhea symptom
of IBS-D as judged by AWR under CRD, diarrhea score and fecal water content in mice. Histological and ultrastructural observation
demonstrated that treatment of CJAF ameliorated the tissue damage and inflammatory cell infiltration, restored microvilli and
junctional complex integrity of mice colon tissue. Protein expression by Western blot for NF-kB/NLRP3 signaling pathway showed that
CJAF could downregulate the protein expression of p-IkBa/IkBa, p-p65/p65, TNF-a, NLRP3, ASC, pro-caspase-1, caspase-1 and its
downstream proinflammatory cytokines IL-1f, IL-18. This suggested that CJAF could inhibit inflammatory response and immune
activation by inhibiting NF-kB/NLRP3 signaling pathway to treat IBS-D effectively. Previous studies showed that NF-kB is a key factor
for priming NLRP3 inflammasome activation [38], which plays crucial part in the maintenance of intestinal homeostasis and mod-
ulates innate immune responses against commensal bacteria [40,61]. The NLRP3 inflammasome is an intra-cytoplasmic protein
complex, which consists of NLRP3, ASC and pro-caspase-1 [62]. When stimulated, the inflammasome could transform the
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pro-caspase-1 into active caspase-1, the latter then cleaves pro-IL-1p and pro-IL-18 to form matured IL-1f and IL-18 [63]. The release of
IL-1p and IL-18 will finally initiate inflammatory response and immune activation in intestine, resulting in damage to intestinal
epithelial tight junction and intestinal barrier function, which could be important in the pathogenesis of IBS-D [35,64,65]. Therefore,
we also determined the expression of tight junction protein in mice colonic tissues. The results demonstrated that the regulating effect
of CJAF on tight junction proteins of ZO-1, Occludin, and Claudin-1 displayed an opposite trend compared with the expression of
proinflammatory cytokines IL-1f, IL-18, which showed a lower expression level in MC group and higher expression level in CJAF
treatment group. Additionally, the results of ELISA of mice serum confirmed the trend in Western blot, in which the proinflammatory
cytokines IL-1p, IL-18, TNF-a, MPO were downregulated after CJAF treatment. DAO, D-LA, reliable markers of intestinal epithelial
integrity [66,67], were decreased in serum level after CJAF treatment, which could be the result of the restoration of intestinal
epithelial barrier by upregulating ZO-1, Occludin, and Claudin-1. All these results indicated that CJAF could inhibit NF-xB/NLRP3
signaling pathway and downregulated the expression of proinflammatory cytokines IL-1f, IL-18, by which way the intestinal epithelial
barrier was restored and the intestinal homeostasis was reconstructed.

Interestingly, rifaximin showed better repairing effect on tight junction protein than that of CJAF while demonstrated less effect on
inhibiting NLRP3 inflammasome signaling pathway than CJAF as indicated by corresponding protein expression by Western blot
experiment. This may be explained by that rifaximin is an antibiotic that is not absorbed by the gut, which kills or alters bacterial
population in the gut [68], metabolites of the latter turned out to be a direct destructor of intestinal epithelial barrier [69]. Therefore,
bacterial metabolites could be downregulated directly by rifaximin, resulting in a higher expression of tight junction protein
expression of ZO-1, Occludin, and Claudin-1 by rifaximin than CJAF. However, CJAF, but not rifaximin, contains many chemical
constituents that could potentially bind with NLRP3 inflammasome and inhibit the activation of this proinflammatory cascade as
reported previously [25,70], leading to a relative more significant effect on NLRP3 signaling by CJAF (high and moderate, not low
dose) than that of rifaximin.

Moreover, due to heterogeneity among patients with IBS, a universal treatment program is often difficult to achieve. A qualified
management of IBS is based on personalized and comprehensive treatment strategies that include dietary, lifestyle, medical, and
behavioral interventions [1]. More and more researches showed that the intestinal bacterial profile of patients with IBS differs from
that of healthy subjects and enteric dysbacteriosis plays an important role in the pathogenesis of IBS [71,72]. Consequently, methods to
repair intestinal microecological balance could be reasonably used to treat IBS. An efficient prospective treatment is fecal microbiota
transplantation (FMT), which may be beneficial for recovery of bacterial diversity and improve enteric bacterial profile [73]. Although
CJAF demonstrated effective against IBS-D in our previous studies [11,74,75], we are not sure whether the therapeutic mechanism was
also related with its impact on intestinal microecology. This is also the weakness of this study, which is absent of analysis on the effects
of CJAF on the intestinal flora of IBS-D mice, pointing the way for our future research. CJAF consists of 13 Chinese herbal drugs,
chemical components of which was reported to exert anti-inflammatory [25], pain-relieving [46], antibacterial [47], and
anti-depressant effect [76], thus the treatment of IBS by CJAF is the result of a comprehensive action of various effects. This could mean
that CJAF may not be superior in a single term of antibacterial, anti-inflammatory or antidepressant effects, but it could do better in
relieving general symptoms of IBS, such as abdominal pain and diarrheal, because of its multi-component and multi-target effect.

5. Conclusion

In conclusion, we utilized network pharmacology analysis to investigate potential mechanism of CJAF in the treatment of IBS-D and
found that the molecular mechanisms mainly focused on the immune and inflammatory pathways, including NF-xB, TNF and IL-17
signaling pathway. Pharmacologic effects of CJAF against IBS-D were further evaluated in mice with TNBS enema combined with
restraint stress-induced IBS-D model. And our experiment verified that CJAF inhibited NF-xB/NLRP3 signaling pathway activation,
reduced inflammatory response, and alleviated visceral hypersensitivity and diarrhea symptom of IBS-D. Therefore, CJAF could be a
therapeutic candidate for IBS-D therapy in the clinical practice.

Ethics statement

The animal experiment was reviewed and approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine
(certificate no. 20220510014) and are in line with the ARRIVE guidelines.

Funding statement

This work was supported by the National Natural Science Foundation of China (project number: 81673842), the Natural Science
Foundation of Guangdong Province (project number: 2019A1515011745), Special projects in key areas of colleges and universities in
Guangdong province (Biomedicine and Health) (project number: 2023ZDZX2019), and Pharmaceutical Research Special Fund of
Guangdong Hospital Association in 2021 (project number: 2021YXZD02).
Data availability statement

Data will be made available on request. Active compounds of each Chinese medicine from CJAF and 219 potential targets of CJAF
against IBS-D are included in excels in Supplementary information files. Original exposure maps of Western blot are included in PPT in

Supplementary information files. The datasets of the current study are available in public database from TCMSP database (https://

15


https://tcmspw.com/tcmspsearch.php

W. Ke et al. Heliyon 10 (2024) 33102
temspw.com/temspsearch.php), PharmMapper (http://www.lilab-ecust.cn/pharmmapper/), GeneCards (http://www.genecards.
org), Therapeutic Target Database (TTD, http://systemsdock.unit.osit.jp/iddp/home/inde), DrugBank (http://www.drugbank.ca/),
DisGeNET (http://www.disgenet.org/), UniProt database (https://www.uniprot.org/), Venn diagram (http://bioinformatics.psb.
ugent.be/webtools/Venn/), STRING database (https://string-db.org/), Omicshare Online tools (https://www.omicshare.com/
tools), GO (https://geneontology.org/), and KEGG (https://www.kegg.jp/). More inquires of original data are available from the
corresponding author on reasonable request.
Ethics approval and consent to participate

This research was approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine (certificate no.
20220510014). Animals were handled in accordance with the regulations of Guangzhou University of Chinese Medicine and in line
with the ARRIVE guidelines.
Consent for publication

All authors agreed with the content of the manuscript and approved the final version of the manuscript.
CRediT authorship contribution statement

Wei Ke: Writing — original draft, Investigation, Data curation. Jinjun Wu: Software, Investigation. Hongbin Li: Investigation. Siyu

Huang: Investigation. Huibiao Li: Investigation. Yongfu Wang: Investigation. Yingxiu Wu: Investigation. Jie Yuan: Investigation.
Shuncong Zhang: Conceptualization. Hongmei Tang: Funding acquisition, Conceptualization. Kaijun Lei: Supervision, Resources.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement

We thank the Lingnan Medical Research Center of Guangzhou University of Chinese Medicine for providing experimental platform
for us.

Abbreviations

IBS-D, irritable bowel syndrome with predominant diarrhea

TCM traditional Chinese medicine
CJAF Changji’an Formula

OB oral bioavailability

DL, drug likeness

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
TNBS Trinitro-benzene-sulfonic acid

WAS water avoidance stress

AWR abdominal withdrawal reflex

CRD colorectal distension

TEM transmission electron microscopy
ELISA  Enzyme-linked immunosorbent assay
DAO D-lactate and diamine oxidase

DLA D-lactate

MPO myeloperoxidase
TNF-a, tumor necrosis factor
IL-1B interlukine-1§

IL-18 interlukine-18

Z0-1 zonula occluden-1

IHC immunohistochemistry

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e33102.

16


https://tcmspw.com/tcmspsearch.php
http://www.lilab-ecust.cn/pharmmapper/
http://www.genecards.org
http://www.genecards.org
http://systemsdock.unit.osit.jp/iddp/home/inde
http://www.drugbank.ca/
http://www.disgenet.org/
https://www.uniprot.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
https://www.omicshare.com/tools
https://www.omicshare.com/tools
https://geneontology.org/
https://www.kegg.jp/
https://doi.org/10.1016/j.heliyon.2024.e33102

W. Ke et al. Heliyon 10 (2024) e33102

References

[1] W.D. Chey, J. Kurlander, S. Eswaran, Irritable bowel syndrome: a clinical review, JAMA 313 (9) (2015) 949-958, https://doi.org/10.1001/jama.2015.0954.

[2] P. Singh, K. Staller, K. Barshop, E. Dai, J. Newman, S. Yoon, S. Castel, B. Kuo, Patients with irritable bowel syndrome-diarrhea have lower disease-specific
quality of life than irritable bowel syndrome-constipation, World J. Gastroenterol. 21 (26) (2015) 8103-8109, https://doi.org/10.3748/wjg.v21.i26.8103.

[3] F. Mearin, B.E. Lacy, L. Chang, W.D. Chey, A.J. Lembo, M. Simren, R. Spiller, Bowel disorders, Gastroenterology (2016), https://doi.org/10.1053/j.
gastro.2016.02.031.

[4] A.C. Ford, B.E. Lacy, N.J. Talley, Irritable bowel syndrome, N. Engl. J. Med. 376 (26) (2017) 25662578, https://doi.org/10.1056/NEJMral607547.

[5] J. Chen, Y. Yu, J. He, Discussion and consideration on the essence of ‘stagnation of liver qi and spleen deficiency’ in diarrhea-predominant irritable bowel
syndrome, China J. Traditional Chin. Med. Pharmacy 35 (2020) 5698-5703.

[6] Z. Chen, Treatment of 87 patients with irritable bowel syndrome by traditional Chinese medicine, Liaoning J. Traditional Chin. Med. 42 (1988), https://doi.org/
10.13192/j.1jtcm.1988.06.44.chenzhsh.031.

[7] Y. Gong, X. Chen, Treating 30 cases of diarrhea type irritable bowel syndrome with Tongxie Yaofang plus four noble drugs decoction, J. Pract. Traditional Chin.
Internal Med. 25 (2011) 52-54.

[8] B. Zhuo, X. Ning, Y. Zhang, Effect of Tongxie Yaofang combined with Sijunzi decoction on immune function of patients with IBS-D, Guangdong Med. J. 38
(2017) 3669-3671+3675, https://doi.org/10.13820/j.cnki.gdyx.2017.23.027.

[9] S. Liu, Clinical efficacy of Tongxiyaofang combined with Sijunzi Decoction in the treatment of irritable bowel syndrome and its influence on immune function,
Chin J of Clinical Rational Drug Use 12 (2019) 157-159, https://doi.org/10.15887/j.cnki.13-1389/1.2019.24.076.

[10] P. Wen, Y. Lai, Treatment of 42 patients with IBS-D (spleen deficiency and liver depression syndrome) with Sijunzi decoction combined with Tongxie Yaofang,
Fujian J. TCM 45 (2014) 30-31, https://doi.org/10.13260/j.cnki.jfjtcm.010642.

[11] Y. Chai, Y. Huang, H. Tang, T. Wang, Y. Liu, R. Zhong, Effect of Shugan Jianpi method (Changji’an Fomulation) on IBS-D immune function, Chin. J. Exp. Tradit.
Med. Formulae 22 (2016) 93-98, https://doi.org/10.13422/j.cnki.syfjx.2016210093.

[12] Y. Shi, H. Tang, Y. Wu, H. Zhu, G. He, F. Xiong, Y. Zhang, Effect of Changji’an prescription on intestinal permeability of IBS-D rats, Chin. J. Exp. Tradit. Med.
Formulae 25 (2019) 80-85, https://doi.org/10.13422/j.cnki.syfjx.20190905.

[13] A.L. Hopkins, Network pharmacology: the next paradigm in drug discovery, Nat. Chem. Biol. 4 (11) (2008) 682-690, https://doi.org/10.1038/nchembio.118.

[14] S. Frantz, Drug discovery: playing dirty, Nature 437 (7061) (2005) 942-943.

[15] X. Shou, Y. Wang, X. Zhang, Y. Zhang, Y. Yang, C. Duan, Y. Yang, Q. Jia, G. Yuan, J. Shi, S. Shi, H. Cui, Y. Hu, Network pharmacology and molecular docking
analysis on molecular mechanism of Qingzi Zhitong decoction in the treatment of ulcerative colitis, Front. Pharmacol. 13 (2022) 727608, https://doi.org/
10.3389/fphar.2022.727608.

[16] Y. Chen, F. Chu, J. Lin, Z. Su, M. Liao, T. Li, Y. Li, N. Johnson, H. Zheng, X. Ding, The mechanisms of action of WeiChang’An Pill (WCAP) treat diarrhoea-
predominant irritable bowel syndrome (IBS-D) using network pharmacology approach and in vivo studies, J. Ethnopharmacol. 275 (2021) 114119, https://doi.
0rg/10.1016/j.jep.2021.114119.

[17] X. Tan, W. Pei, C. Xie, Z. Wang, T. Mao, X. Zhao, F. Kou, Q. Lu, Z. Sun, X. Xue, J. Li, Network pharmacology identifies the mechanisms of action of Tongxie
Anchang decoction in the treatment of irritable bowel syndrome with diarrhea predominant, Evid. base Compl. Alternative Med. : ECAM. 2020 (2020) 2723705,
https://doi.org/10.1155/2020/2723705.

[18] Z. Zhen, L. Xia, H. You, Z. Jingwei, Y. Shasha, W. Xinyi, L. Wenjing, Z. Xin, F. Chaomei, An integrated gut microbiota and network pharmacology study on Fuzi-
Lizhong Pill for treating diarrhea-predominant irritable bowel syndrome, Front. Pharmacol. 12 (2021) 746923, https://doi.org/10.3389/fphar.2021.746923.

[19] Y. Liao, Y. Ding, L. Yu, C. Xiang, M. Yang, Exploring the mechanism of Alisma orientale for the treatment of pregnancy induced hypertension and potential
hepato-nephrotoxicity by using network pharmacology, network toxicology, molecular docking and molecular dynamics simulation, Front. Pharmacol. 13
(2022) 1027112, https://doi.org/10.3389/fphar.2022.1027112.

[20] L. An, Y. Lin, L. Li, M. Kong, Y. Lou, J. Wu, Z. Liu, Integrating network pharmacology and experimental validation to investigate the effects and mechanism of
Astragalus flavonoids against hepatic fibrosis, Front. Pharmacol. 11 (2020) 618262, https://doi.org/10.3389/fphar.2020.618262.

[21] Y. Wu, H. Tang, Y. Wang, Y. Zhang, Y. Huang, J. Gan, Simultaneous determination of ten constituents in lyophilized powder of Changji’an Prescription by
UHPLC-MS/MS, Chin. Tradit. Pat. Med. 43 (2021) 2302-2307.

[22] A.Lembo, S. Sultan, L. Chang, J.J. Heidelbaugh, W. Smalley, G.N. Verne, AGA clinical practice guideline on the pharmacological management of irritable bowel
syndrome with diarrhea, Gastroenterology 163 (1) (2022) 137-151, https://doi.org/10.1053/j.gastro.2022.04.017.

[23] D. Xu, J. Gao, M. Gillilland, X. Wu, L. Song, J.Y. Kao, C. Owyang, Rifaximin alters intestinal bacteria and prevents stress-induced gut inflammation and visceral
hyperalgesia in rats, Gastroenterology 146 (2) (2014), https://doi.org/10.1053/j.gastro.2013.10.026.

[24] H. Tang, X. Liao, J. He, D. Li, X. Yan, Determination of paeoniflorin, palmatine hydrochloride and berberine hydrochloride in Changji’an Preparation by HPLC,
Chin. Tradit. Pat. Med. 34 (2012) 853-857.

[25] W.Ke, Y. Wang, S. Huang, S. Liu, H. Zhu, X. Xie, H. Yang, Q. Lu, J. Gan, G. He, F. Che, X. Wan, H. Tang, Paeoniflorin alleviates inflammatory response in IBS-D
mouse model via downregulation of the NLRP3 inflammasome pathway with involvement of miR-29a, Heliyon 8 (12) (2022) e12312, https://doi.org/10.1016/
j-heliyon.2022.e12312.

[26] D.J. Kang, G. Kakiyama, N.S. Betrapally, J. Herzog, H. Nittono, P.B. Hylemon, H. Zhou, I. Carroll, J. Yang, P.M. Gillevet, C. Jiao, H. Takei, W.M. Pandak, T. Iida,
D.M. Heuman, S. Fan, O. Fiehn, T. Kurosawa, M. Sikaroodi, R.B. Sartor, J.S. Bajaj, Rifaximin exerts beneficial effects independent of its ability to alter
microbiota composition, Clin. Transl. Gastroenterol. 7 (8) (2016) e187, https://doi.org/10.1038/ctg.2016.44.

[27] J. Aguilera-Lizarraga, M.V. Florens, M.F. Viola, P. Jain, L. Decraecker, I. Appeltans, M. Cuende-Estevez, N. Fabre, K. Van Beek, E. Perna, D. Balemans,

N. Stakenborg, S. Theofanous, G. Bosmans, S.U. Mondelaers, G. Matteoli, S. Ibiza Martinez, C. Lopez-Lopez, J. Jaramillo-Polanco, K. Talavera, Y.A. Alpizar, T.
B. Feyerabend, H.-R. Rodewald, R. Farre, F.A. Redegeld, J. Si, J. Raes, C. Breynaert, R. Schrijvers, C. Bosteels, B.N. Lambrecht, S.D. Boyd, R.A. Hoh, D. Cabooter,
M. Nelis, P. Augustijns, S. Hendrix, J. Strid, R. Bisschops, D.E. Reed, S.J. Vanner, A. Denadai-Souza, M.M. Wouters, G.E. Boeckxstaens, Local immune response to
food antigens drives meal-induced abdominal pain, Nature 590 (7844) (2021) 151-156, https://doi.org/10.1038/541586-020-03118-2.

[28] F.Yuan, W. Tan, H. Ren, L. Yan, Y. Wang, H. Luo, The effects of short-chain fatty acids on rat colonic hypermotility induced by water avoidance stress, Drug Des.
Dev. Ther. 14 (2020) 4671-4684, https://doi.org/10.2147/DDDT.S5246619.

[29] E.D. Al-Chaer, M. Kawasaki, P.J. Pasricha, A new model of chronic visceral hypersensitivity in adult rats induced by colon irritation during postnatal
development, Gastroenterology 119 (5) (2000) 1276-1285.

[30] F. Obermeier, G. Kojouharoff, W. Hans, J. Scholmerich, V. Gross, W. Falk, Interferon-gamma (IFN-gamma)- and tumour necrosis factor (TNF)-induced nitric
oxide as toxic effector molecule in chronic dextran sulphate sodium (DSS)-induced colitis in mice, Clin. Exp. Immunol. 116 (2) (1999) 238-245.

[31] S. Miglietta, R. Borghini, M. Relucenti, V. Sorrentino, R. Chen, X. Li, F. Fazi, G. Donato, G. Familiari, V. Petrozza, A. Picarelli, New insights into intestinal
permeability in irritable bowel syndrome-like disorders: histological and ultrastructural findings of duodenal biopsies, Cells 10 (10) (2021), https://doi.org/
10.3390/cells10102593.

[32] M.H. Farzaei, R. Bahramsoltani, M. Abdollahi, R. Rahimi, The role of visceral hypersensitivity in irritable bowel syndrome: pharmacological targets and novel
treatments, J. Neurogastroenterology and Motility 22 (4) (2016) 558-574, https://doi.org/10.5056/jnm16001.

[33] T.Lembo, J. Munakata, H. Mertz, N. Niazi, A. Kodner, V. Nikas, E.A. Mayer, Evidence for the hypersensitivity of lumbar splanchnic afferents in irritable bowel
syndrome, Gastroenterology 107 (6) (1994) 1686-1696.

[34] F. Awad, E. Assrawi, C. Louvrier, C. Jumeau, S. Georgin-Lavialle, G. Grateau, S. Amselem, I. Giurgea, S.-A. Karabina, Inflammasome biology, molecular
pathology and therapeutic implications, Pharmacol. Therapeut. 187 (2018) 133-149, https://doi.org/10.1016/j.pharmthera.2018.02.011.

[35] L.W. Kaminsky, R. Al-Sadi, T.Y. Ma, IL-1p and the intestinal epithelial tight junction barrier, Front. Immunol. 12 (2021) 767456, https://doi.org/10.3389/

fimmu.2021.767456.

17


https://doi.org/10.1001/jama.2015.0954
https://doi.org/10.3748/wjg.v21.i26.8103
https://doi.org/10.1053/j.gastro.2016.02.031
https://doi.org/10.1053/j.gastro.2016.02.031
https://doi.org/10.1056/NEJMra1607547
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref5
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref5
https://doi.org/10.13192/j.ljtcm.1988.06.44.chenzhsh.031
https://doi.org/10.13192/j.ljtcm.1988.06.44.chenzhsh.031
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref7
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref7
https://doi.org/10.13820/j.cnki.gdyx.2017.23.027
https://doi.org/10.15887/j.cnki.13-1389/r.2019.24.076
https://doi.org/10.13260/j.cnki.jfjtcm.010642
https://doi.org/10.13422/j.cnki.syfjx.2016210093
https://doi.org/10.13422/j.cnki.syfjx.20190905
https://doi.org/10.1038/nchembio.118
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref14
https://doi.org/10.3389/fphar.2022.727608
https://doi.org/10.3389/fphar.2022.727608
https://doi.org/10.1016/j.jep.2021.114119
https://doi.org/10.1016/j.jep.2021.114119
https://doi.org/10.1155/2020/2723705
https://doi.org/10.3389/fphar.2021.746923
https://doi.org/10.3389/fphar.2022.1027112
https://doi.org/10.3389/fphar.2020.618262
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref21
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref21
https://doi.org/10.1053/j.gastro.2022.04.017
https://doi.org/10.1053/j.gastro.2013.10.026
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref24
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref24
https://doi.org/10.1016/j.heliyon.2022.e12312
https://doi.org/10.1016/j.heliyon.2022.e12312
https://doi.org/10.1038/ctg.2016.44
https://doi.org/10.1038/s41586-020-03118-2
https://doi.org/10.2147/DDDT.S246619
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref29
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref29
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref30
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref30
https://doi.org/10.3390/cells10102593
https://doi.org/10.3390/cells10102593
https://doi.org/10.5056/jnm16001
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref33
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref33
https://doi.org/10.1016/j.pharmthera.2018.02.011
https://doi.org/10.3389/fimmu.2021.767456
https://doi.org/10.3389/fimmu.2021.767456

W. Ke et al.

36]
137]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]

[48]

[49]
[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]
[60]
[61]
[62]
[63]
[64]

[65]

[66]
[67]

[68]

[69]

[70]

[71]

Heliyon 10 (2024) e33102

J. Matricon, M. Meleine, A. Gelot, T. Piche, M. Dapoigny, E. Muller, D. Ardid, Review article: associations between immune activation, intestinal permeability
and the irritable bowel syndrome, Aliment. Pharmacol. Ther. 36 (11-12) (2012) 1009-1031, https://doi.org/10.1111/apt.12080.

S.A. Scuderi, G. Casili, M. Lanza, A. Filippone, 1. Paterniti, E. Esposito, M. Campolo, Modulation of NLRP3 inflammasome attenuated inflammatory response
associated to diarrhea-predominant irritable bowel syndrome, Biomedicines 8 (11) (2020), https://doi.org/10.3390/biomedicines8110519.

F.G. Bauernfeind, G. Horvath, A. Stutz, E.S. Alnemri, K. MacDonald, D. Speert, T. Fernandes-Alnemri, J. Wu, B.G. Monks, K.A. Fitzgerald, V. Hornung, E. Latz,
Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation by regulating NLRP3 expression,

J. Immunol. (Baltimore, Md 183 (2) (2009) 787-791, https://doi.org/10.4049/jimmunol.0901363, 1950.

M.S. Hayden, S. Ghosh, Signaling to NF-kappaB, Gene Dev. 18 (18) (2004) 2195-2224.

K. Schroder, J. Tschopp, The inflammasomes, Cell 140 (6) (2010) 821-832, https://doi.org/10.1016/j.cell.2010.01.040.

H.P. Song, X.Q. Hou, R.Y. Li, R. Yu, X. Li, S.N. Zhou, H.Y. Huang, X. Cai, C. Zhou, Atractylenolide I stimulates intestinal epithelial repair through polyamine-
mediated Ca2+ signaling pathway, Phytomedicine : Int. J. Phytother. Phytopharmacology. 28 (2017) 27-35, https://doi.org/10.1016/j.phymed.2017.03.001.
N. Hanning, A.L. Edwinson, H. Ceuleers, S.A. Peters, J.G. De Man, L.C. Hassett, B.Y. De Winter, M. Grover, Intestinal barrier dysfunction in irritable bowel
syndrome: a systematic review, Therapeutic Advances In Gastroenterology 14 (2021) 1756284821993586, https://doi.org/10.1177/1756284821993586.
X.J. Zhang, Z. Li, W.M. Leung, L. Liu, H.X. Xu, Z.X. Bian, The analgesic effect of paeoniflorin on neonatal maternal separation-induced visceral hyperalgesia in
rats, J. Pain 9 (6) (2008) 497-505, https://doi.org/10.1016/j.jpain.2007.12.009.

J. Li, S. Ren, M. Li, J. Bi, G. Yang, E. Li, Paeoniflorin protects against dextran sulfate sodium (DSS)-induced colitis in mice through inhibition of inflammation
and eosinophil infiltration, Int. Inmunopharm. 97 (2021) 107667, https://doi.org/10.1016/j.intimp.2021.107667.

X.G. Jiang, K. Sun, Y.Y. Liu, L. Yan, M.X. Wang, J.Y. Fan, H.N. Mu, C. Li, Y.Y. Chen, C.S. Wang, J.Y. Han, Astragaloside IV ameliorates 2,4,6-trinitrobenzene
sulfonic acid (TNBS)-induced colitis implicating regulation of energy metabolism, Sci. Rep. 7 (2017) 41832, https://doi.org/10.1038/srep41832.

B. Liu, M. Luo, D. Meng, H. Pan, H. Shen, J. Shen, M. Yao, L. Xu, Tetrahydropalmatine exerts analgesic effects by promoting apoptosis and inhibiting the
activation of glial cells in rats with inflammatory pain, Mol. Pain 17 (2021) 17448069211042117, https://doi.org/10.1177/17448069211042117.

J.D. Zhang, J. Liu, S.W. Zhu, Y. Fang, B. Wang, Q. Jia, H.-F. Hao, J.Y. Kao, Q.H. He, L.J. Song, F. Liu, B.L. Zhu, C. Owyang, L.P. Duan, Berberine alleviates
visceral hypersensitivity in rats by altering gut microbiome and suppressing spinal microglial activation, Acta Pharmacol. Sin. 42 (11) (2021) 1821-1833,
https://doi.org/10.1038/s41401-020-00601-4.

Z.C. Yu, Y.X. Cen, B.H. Wu, C. Wei, F. Xiong, D.F. Li, T.T. Liu, M.H. Luo, L.L. Guo, Y.X. Li, L.S. Wang, J.Y. Wang, J. Yao, Berberine prevents stress-induced gut
inflammation and visceral hypersensitivity and reduces intestinal motility in rats, World J. Gastroenterol. 25 (29) (2019) 3956-3971, https://doi.org/10.3748/
Wjg.v25.129.3956.

X. Chen, D. Fang, L. Li, L. Chen, Q. Li, F. Gong, M. Fang, Glycyrrhizin ameliorates experimental colitis through attenuating interleukin-17-producing T cell
responses via regulating antigen-presenting cells, Immunol. Res. 65 (3) (2017) 666-680, https://doi.org/10.1007/s12026-017-8894-2.

T. Kudo, S. Okamura, Y. Zhang, T. Masuo, M. Mori, Topical application of glycyrrhizin preparation ameliorates experimentally induced colitis in rats, World J.
Gastroenterol. 17 (17) (2011) 2223-2228, https://doi.org/10.3748/wjg.v17.i17.2223.

Y. Liy, J. Xiang, M. Liu, S. Wang, R.J. Lee, H. Ding, Protective effects of glycyrrhizic acid by rectal treatment on a TNBS-induced rat colitis model, J. Pharm.
Pharmacol. 63 (3) (2011) 439-446, https://doi.org/10.1111/j.2042-7158.2010.01185.x.

H.-Y. Qin, J.C.Y. Wu, X.-D. Tong, J.J.Y. Sung, H.-X. Xu, Z.-X. Bian, Systematic review of animal models of post-infectious/post-inflammatory irritable bowel
syndrome, J. Gastroenterol. 46 (2) (2011) 164-174, https://doi.org/10.1007/s00535-010-0321-6.

M. Bashashati, N. Rezaei, A. Shafieyoun, D.P. McKernan, L. Chang, L. Ohman, E.M. Quigley, M. Schmulson, K.A. Sharkey, M. Simrén, Cytokine imbalance in
irritable bowel syndrome: a systematic review and meta-analysis, Neuro Gastroenterol. Motil. : the Official Journal of the European Gastrointestinal Motility
Society 26 (7) (2014) 1036-1048, https://doi.org/10.1111/nmo.12358.

M. Katoh, Multi-layered prevention and treatment of chronic inflammation, organ fibrosis and cancer associated with canonical WNT/B-catenin signaling
activation, Int. J. Mol. Med. 42 (2) (2018) 713-725, https://doi.org/10.3892/ijmm.2018.3689 (Review).

F. Sofi, A. Whittaker, A.M. Gori, F. Cesari, E. Surrenti, R. Abbate, G.F. Gensini, S. Benedettelli, A. Casini, Effect of Triticum turgidum subsp. turanicum wheat on
irritable bowel syndrome: a double-blinded randomised dietary intervention trial, Br. J. Nutr. 111 (11) (2014) 1992-1999, https://doi.org/10.1017/
S000711451400018X%.

M. Bashashati, M. Moradi, I. Sarosiek, Interleukin-6 in irritable bowel syndrome: a systematic review and meta-analysis of IL-6 (-G174C) and circulating IL-6
levels, Cytokine 99 (2017) 132-138, https://doi.org/10.1016/j.cyt0.2017.08.017.

D. O’Malley, M. Liston, N.P. Hyland, T.G. Dinan, J.F. Cryan, Colonic soluble mediators from the maternal separation model of irritable bowel syndrome activate
submucosal neurons via an interleukin-6-dependent mechanism, Am. J. Physiol. Gastrointest. Liver Physiol. 300 (2) (2011) G241-G252, https://doi.org/
10.1152/ajpgi.00385.2010.

P.W. Vesely, P.B. Staber, G. Hoefler, L. Kenner, Translational regulation mechanisms of AP-1 proteins, Mutat. Res. 682 (1) (2009), https://doi.org/10.1016/j.
mrrev.2009.01.001.

H. Liaqat, A. Parveen, S.Y. Kim, Antidepressive effect of natural products and their derivatives targeting BDNF-TrkB in gut-brain Axis, Int. J. Mol. Sci. 23 (23)
(2022), https://doi.org/10.3390/ijms232314968.

M. Fukumoto, T. Takeuchi, E. Koubayashi, S. Harada, K. Ota, Y. Kojima, K. Higuchi, Induction of brain-derived neurotrophic factor in enteric glial cells
stimulated by interleukin-1p via a c-Jun N-terminal kinase pathway, J. Clin. Biochem. Nutr. 66 (2) (2020) 103-109, https://doi.org/10.3164/jcbn.19-55.

E. Latz, The inflammasomes: mechanisms of activation and function, Curr. Opin. Immunol. 22 (1) (2010) 28-33, https://doi.org/10.1016/].c0i.2009.12.004.
J.P.Y. Ting, R.C. Lovering, E.S. Alnemri, J. Bertin, J.M. Boss, B.K. Davis, R.A. Flavell, S.E. Girardin, A. Godzik, J.A. Harton, H.M. Hoffman, J.-P. Hugot,

N. Inohara, A. Mackenzie, L.J. Maltais, G. Nunez, Y. Ogura, L.A. Otten, D. Philpott, J.C. Reed, W. Reith, S. Schreiber, V. Steimle, P.A. Ward, The NLR gene
family: a standard nomenclature, Immunity 28 (3) (2008) 285-287, https://doi.org/10.1016/j.immuni.2008.02.005.

V. Pétrilli, C. Dostert, D.A. Muruve, J. Tschopp, The inflammasome: a danger sensing complex triggering innate immunity, Curr. Opin. Immunol. 19 (6) (2007)
615-622.

T. Suzuki, Regulation of intestinal epithelial permeability by tight junctions, Cell. Mol. Life Sci. : CMLS 70 (4) (2013) 631-659, https://doi.org/10.1007/
s00018-012-1070-x.

C. Martinez, B. Lobo, M. Pigrau, L. Ramos, A.M. Gonzalez-Castro, C. Alonso, M. Guilarte, M. Guild, 1. de Torres, F. Azpiroz, J. Santos, M. Vicario, Diarrhoea-
predominant irritable bowel syndrome: an organic disorder with structural abnormalities in the jejunal epithelial barrier, Gut 62 (8) (2013) 1160-1168, https://
doi.org/10.1136/gutjnl-2012-302093.

X.Q. Sun, X.B. Fu, R. Zhang, Y. Lu, Q. Deng, X.G. Jiang, Z.Y. Sheng, Relationship between plasma D(-)-lactate and intestinal damage after severe injuries in rats,
World J. Gastroenterol. 7 (4) (2001) 555-558.

B. Xia, W. Wu, W. Fang, X. Wen, J. Xie, H. Zhang, Heat stress-induced mucosal barrier dysfunction is potentially associated with gut microbiota dysbiosis in pigs,
Animal Nutrition (Zhongguo Xu Mu Shou Yi Xue Hui) 8 (1) (2022) 289-299, https://doi.org/10.1016/j.aninu.2021.05.012.

A. Lembo, M. Pimentel, S.S. Rao, P. Schoenfeld, B. Cash, L.B. Weinstock, C. Paterson, E. Bortey, W.P. Forbes, Repeat treatment with rifaximin is safe and
effective in patients with diarrhea-predominant irritable bowel syndrome, Gastroenterology 151 (6) (2016) 1113-1121, https://doi.org/10.1053/j.
gastro.2016.08.003.

R. Drolia, S. Tenguria, A.C. Durkes, J.R. Turner, A.K. Bhunia, Listeria adhesion protein induces intestinal epithelial barrier dysfunction for bacterial
translocation, Cell Host Microbe 23 (4) (2018), https://doi.org/10.1016/j.chom.2018.03.004.

Z. Qin, D.D. Shi, W. Li, D. Cheng, Y.-D. Zhang, S. Zhang, B. Tsoi, J. Zhao, Z. Wang, Z.J. Zhang, Berberine ameliorates depression-like behaviors in mice via
inhibiting NLRP3 inflammasome-mediated neuroinflammation and preventing neuroplasticity disruption, J. Neuroinflammation 20 (1) (2023) 54, https://doi.
org/10.1186/512974-023-02744-7.

N. Principi, R. Cozzali, E. Farinelli, A. Brusaferro, S. Esposito, Gut dysbiosis and irritable bowel syndrome: the potential role of probiotics, J. Infect. 76 (2) (2018)
111-120, https://doi.org/10.1016/j.jinf.2017.12.013.

18


https://doi.org/10.1111/apt.12080
https://doi.org/10.3390/biomedicines8110519
https://doi.org/10.4049/jimmunol.0901363
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref39
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1016/j.phymed.2017.03.001
https://doi.org/10.1177/1756284821993586
https://doi.org/10.1016/j.jpain.2007.12.009
https://doi.org/10.1016/j.intimp.2021.107667
https://doi.org/10.1038/srep41832
https://doi.org/10.1177/17448069211042117
https://doi.org/10.1038/s41401-020-00601-4
https://doi.org/10.3748/wjg.v25.i29.3956
https://doi.org/10.3748/wjg.v25.i29.3956
https://doi.org/10.1007/s12026-017-8894-2
https://doi.org/10.3748/wjg.v17.i17.2223
https://doi.org/10.1111/j.2042-7158.2010.01185.x
https://doi.org/10.1007/s00535-010-0321-6
https://doi.org/10.1111/nmo.12358
https://doi.org/10.3892/ijmm.2018.3689
https://doi.org/10.1017/S000711451400018X
https://doi.org/10.1017/S000711451400018X
https://doi.org/10.1016/j.cyto.2017.08.017
https://doi.org/10.1152/ajpgi.00385.2010
https://doi.org/10.1152/ajpgi.00385.2010
https://doi.org/10.1016/j.mrrev.2009.01.001
https://doi.org/10.1016/j.mrrev.2009.01.001
https://doi.org/10.3390/ijms232314968
https://doi.org/10.3164/jcbn.19-55
https://doi.org/10.1016/j.coi.2009.12.004
https://doi.org/10.1016/j.immuni.2008.02.005
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref63
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref63
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1136/gutjnl-2012-302093
https://doi.org/10.1136/gutjnl-2012-302093
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref66
http://refhub.elsevier.com/S2405-8440(24)09133-3/sref66
https://doi.org/10.1016/j.aninu.2021.05.012
https://doi.org/10.1053/j.gastro.2016.08.003
https://doi.org/10.1053/j.gastro.2016.08.003
https://doi.org/10.1016/j.chom.2018.03.004
https://doi.org/10.1186/s12974-023-02744-7
https://doi.org/10.1186/s12974-023-02744-7
https://doi.org/10.1016/j.jinf.2017.12.013

W. Ke et al. Heliyon 10 (2024) e33102

[72] K.G. Margolis, J.F. Cryan, E.A. Mayer, The microbiota-gut-brain Axis: from motility to mood, Gastroenterology 160 (5) (2021) 1486-1501, https://doi.org/
10.1053/j.gastro.2020.10.066.

[73] M. El-Salhy, J.G. Hatlebakk, O.H. Gilja, A. Brathen Kristoffersen, T. Hausken, Efficacy of faecal microbiota transplantation for patients with irritable bowel
syndrome in a randomised, double-blind, placebo-controlled study, Gut 69 (5) (2020) 859-867, https://doi.org/10.1136/gutjnl-2019-319630.

[74] Y.Y. Shi, H.M. Tang, Y.X. Wu, H. Zhu, G.D. He, F. Xiong, et al., Effect of changji’an prescription on intestinal permeability of IBS-D Rats, Chin. J. Exp. Tradit.
Med. Formulae 25 (2019) 80-85, https://doi.org/10.13422/j.cnki.syfjx.20190905.

[75] H. Zhu, Y. Chai, Y. Zhang, Y. Wang, J. Gan, Y. Zhou, et al., Effects of Changji’an Formula on ultrastructure of colonic mucosa and levels of ZO- 1 and CLDN1 in
model rats with IBS-D, Tradit. Chin. Drug Res. Clin. Pharmacol. 32 (7) (2021) 905-911, https://doi.org/10.19378/].issn.1003-9783.2021.07.001.

[76] J. Guo, F. Zhang, J. Gao, X. Guan, B. Liu, X. Wang, Z. Qin, K. Tang, S. Liu, Proteomics-based screening of the target proteins associated with antidepressant-like
effect and mechanism of Saikosaponin A, J. Cell Mol. Med. 24 (1) (2020) 174-188, https://doi.org/10.1111/jcmm.14695.

19


https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1136/gutjnl-2019-319630
https://doi.org/10.13422/j.cnki.syfjx.20190905
https://doi.org/10.19378/j.issn.1003-9783.2021.07.001
https://doi.org/10.1111/jcmm.14695

	Network pharmacology and experimental validation to explore the mechanism of Changji’an formula against irritable bowel syn ...
	1 Introduction
	2 Materials and methods
	2.1 Screening for active ingredients of CJAF
	2.2 Screening of potential targets for active ingredients and IBS-D
	2.3 Network construction
	2.4 Enrichment analysis
	2.5 Drugs and reagents
	2.6 Preparation of CJAF extract
	2.7 Animals and experimental design
	2.8 Assessment of IBS-D symptoms
	2.8.1 Diarrhea score, fecal water content
	2.8.2 Water avoidance stress (WAS) stimulated fecal pellet output
	2.8.3 Visceral sensitivity

	2.9 Histopathological examination
	2.10 Transmission electron microscopy (TEM)
	2.11 ELISA
	2.12 Western blotting
	2.13 Statistical analysis

	3 Results
	3.1 Screening for the active ingredients of CJAF
	3.2 Potential targets for active ingredients and IBS-D
	3.3 Network construction
	3.4 GO and KEGG
	3.5 CJAF alleviated main symptoms of IBS-D
	3.6 CJAF ameliorated mice colonic histological damage from IBS-D
	3.7 CJAF reconstructed damaged ultrastructure in IBS-D
	3.8 CJAF restored intestinal barrier function in IBS-D
	3.9 CJAF inhibited protein expression of NF-κB/NLRP3 pathway targets
	3.10 CJAF downregulated the proinflammatory cytokines in IBS-D

	4 Discussion
	5 Conclusion
	Ethics statement
	Funding statement
	Data availability statement
	Ethics approval and consent to participate
	Consent for publication
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Abbreviations
	Appendix A Supplementary data
	References


